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SUMMARY 


Testing  was  conducted  at  the  Physics  International  MBS  Facility  during  the 
time  periods  of  9-20  July  and  4-7  September  to  Investigate  the  interaction  be¬ 
tween  an  ambient  plasma  and  a  simulated  photoelectron  boundary  layer.  During 
the  test  period,  241  shots  were  taken  on  the  electron-beam  generator,  resulting 
in  approximately  1,500  data  recordings. 

The  primary  purpose  of  the  test  program  was  to  measure  the  microwave  energy 

emitted  by  the  electron  distribution  both  with  and  without  the  presence  of  an 

ambient  plasma.  A  microwave  spectrometer  covering  the  frequency  range  1.12  to 

18  GHz  was  used.  Broadband  microwave  radiation  was  observed  in  the  absence  of 

an  ambient  plasma,  presumably  due  to  virtual  cathode  phenomena  or  reflexing  of 

the  emitted  electrons.  The  peak  energy  of  the  electron  beam  was  aboi^t  140  keV,  /' 

2  '  ^  2 

and  the  average  current  density  was  in  the  range  of  1  to  7  A/cm  over  730  cm  . 

'  8  ’  9  * 

This  translates  to  an  average  electron  density  of  approximately  10  to  , 
per  cubic  centimeter.  Both  discrete  and  broadband  microwave  radiation  were  ob- 
served  with  an  ambient  plasma  of  density  10®  to  ^0^®  electrons/<^®.  Efficiency 
for  the  conversion  of  electron  energy  to  microwave  energy  is  in  the  range  of 
0.05  to  0.3  percent.  .  -s 
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SECTION  1 


TEST  CONFIGURATION 


The  experimental  volume  consisted  oC  a  right-octagonal  cylinder,  con¬ 
structed  from  half-inch  thick  Lexan,  of  18-inch  inside  diameter  and  24  inches 
in  length.  The  end  flanges  of  the  chamber  were  fabricated  from  metal  and  con¬ 
nected  to  each  other  and  ground.  This  construction  allowed  placement  of  the 
microwave  receivers  in  the  far  field,  outside  the  chamber,  since  the  dielectric 

material  is  transparent  to  microwave  radiation.  The  test  chamber  was  evacuated 

-5  -4 

to  residual  pressure  in  the  range  10  to  10  Torr,  using  nitrogen  to 
flush  the  ambient  environment.  During  most  of  the  test  period  the  actual  cham¬ 
ber  pressure  was  not  known  because  the  pressure  diagnostics  were  not  operating 
reliably. 

The  microwave  signal  lines  were  terminated  in  an  RF  box  located  approxi¬ 
mately  4  feet  directly  behind  the  experimental  chamber.  The  EMP  coupling  to 
the  signal  lines  wts  negligible,  instrumentation  lines  were  contained  in  metal 
conduit  all  the  way  to  the  screen  room.  This  was  necessary  as  EMP  coupling  to 
the  instrumentation  lines  was  found  to  be  severe  without  additional  shielding. 
Signals  were  recorded  on  Tektronix  400-series  oscilloscopes  with  frequency 
response  of  at  least  150  MHz.  Permanent  records  were  made  using  photographic 
film.  Due  to  the  high-frequency  oscillations  of  the  signals  and  the  generally 
poor  writing  quality  of  the  recording  instrumentation,  20-MHz  filters  were 
used. 

A  hot-filament,  tungsten  wire  source  was  used  to  provide  a  steady-state 

plasma.  Two  generators,  one  at  each  end  of  the  chamber,  were  capable  of  pro- 

10  3 

ducing  a  plasma  density  of  about  10  electrons/cm  .  The  temperature  of 
the  plasma  varied  between  1  and  3  eV.  Plasma  density  was  reduced  by  lowering 
the  filament  supply  current. 
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SECTION  2 


DIAGNOSTIC  EQUIPMENT 


2.1  MICROWAVE 

Measurements  of  the  microwave  emission  were  made  with  crystal  detectors 
Into  a  7-channel  microwave  receiving  system.  The  frequency  channels  and  beuid 
designations  are  listed  in  Table  1.  A  schematic  of  the  system  Is  shown  In 
Figure  1.  Standard  gain  horn  antennae  were  used  to  receive  the  microwave 
radiation.  Each  antenna  was  placed  In  the  far  field  and  directed  radially  to 
the  axis  of  the  electron  beam,  oriented  so  that  the  electric  field  plane  was 
parallel  to  the  electron  beam.  Except  for  the  two  highest  frequency  bands, 
each  antenna  was  connected  to  a  coaxial  transformer  through  1-1/3  meters  of 
waveguide,  then  to  the  crystal  detector  through  2  meters  of  solid-shield,  air- 
dlelectrlc,  coaxial  cable.  The  X-  and  Ku-bands  employed  3-1/3  meter  lengths  of 
waveguide  all  the  way  to  the  detector. 

To  eliminate  out-of-band  signal  contamination,  high-  and  low-pass  filters 
were  used.  Signals  outside  the  bandpass  of  the  filters  were  attenuated  by  at 
least  55  dB.  The  coaxial  high-pass  filters  were  a  redundant  feature  since 
waveguide  naturally  acts  as  a  high-pass  filter.  However,  there  was  not  time  to 
verify  the  high-pass  filter  characteristics  of  the  actual  waveguide.  High-pass 
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Table  1.  Microwave  frequency  bands. 


Band 

Frequency 

(GHz) 

L 

1.12  - 

1.70 

W 

1.70  - 

2.60 

S 

2.60  - 

3.95 

C 

3.96  - 

5.85 

J 

5.85  - 

8.20 

X 

8.20  - 

12.4 

Ku 

12.4  - 

18.0 

plasma 

GENEBATOn 


Figure  1.  Schematic  of  test  configuration. 


filters  were  not  used  for  the  X-  and  Ku-bands  since  the  waveguide  Lengths  were 
more  than  sufficient  to  Insure  proper  filtering.  External  filtering  is  Listed 
In  Table  2. 

Crystal  detectors  are  very  sensitive  to  damage  at  relatively  Low  power 
levels.  Attenuation  was  used  to  reduce  power  levels  well  below  the  manufac¬ 
turer's  maximum  Input  level.  Fixed  value,  coaxial  attenuators  were  used  for 
bands  L  through  J  and  variable  waveguide  attenuators  were  used  for  the  X-  and 
Ku-bands. 


All  of  the  microwave  diagnostic  hardware  was  bench-calibrated  before  use. 
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2.2  ELECTRON  BEAM 


The  parameters  characterizing  the  electron  beam  were  measured  by  the  fa¬ 
cility  operators.  These  Included  electron  energy  and  current  as  a  function  of 
time.  A  direct  measurement  of  the  electron-beam  energy  was  precluded  early  in 
the  testing  when  the  voltage  probe  was  destroyed.  A  current  sensor  at  the  end 
of  the  diode  chamber  provided  a  measure  of  the  total  current  entering  our  ex¬ 
perimental  chamber. 


Current  distribution  within  the  experimental  chamber  was  measured  with 
current  collectors  of  various  diameters.  Attempts  at  determining  the  magnetic 
fields  within  the  chamber  were  made,  but  the  signal- to-noise  ratio  was  poor 
due  to  EMP  coupling  to  the  exposed  signal  lines. 


2.3  AMBIENT  PLASMA 

The  density  and  temperature  of  the  plasma  were  estimated  using  data  from 
a  cylindrical  Langmuir  probe.  The  probe  was  fabricated  from  KSC  ceramic- 
dielectric  coaxial  cable  to  minimize  temperature  effects.  It  was  connected 
through  a  vacuum  feedthrough,  which  allowed  sampling  of  the  plasma  along  the 
length  of  the  chamber.  Current  versus  applied  voltage  was  recorded  on  an  X-Y 
plotter. 
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SECTION  3 


TEST  MATRIX 


A  summary  oC  the  diode  configurations  used  is  given  in  Table  3.  Initial 

operation  was  with  an  18- inch-diameter  diode  using  a  cathode  of  graphite  felt. 

The  anode  cathode  gap  was  1  cm,  and  the  auxiliary  control  gap  was  3  mm.  This 

configuration  produced  an  electron  beam  of  about  100  keV  peak  and  with  an 

2 

average  current  density  of  2  A/ cm  .  Next,  the  cathode  diameter  was  reduced 

to  12  inches.  The  beam  peak  voltage  rose  to  140  keV,  but  the  average  current 

density  remained  essentially  unchanged.  The  diode  would  not  operate  at  smaller 

anode  cathode  gaps.  This  was  most  likely  due  to  the  filamentary  nature  of  the 

graphite  felt.  Increasing  the  auxiliary  gap  produced  a  modest  gain  in  current 

density.  A  graphite  cathode  was  then  used  with  a  main  gap  of  7  mm  and  an 

auxiliary  gap  of  1.5  cm.  This  resulted  in  an  electron  current  density  of  about 
2 

7  A/cm  .  Decreasing  the  gap  to  3  mm  produced  no  beam. 

Table  3.  Electron  beam  characteristics. 


Diode  Configuration 

-  Injected  Current 


No. 

Diameter 

(inches) 

a-K 

(mm) 

Auxiliary  Gap 
(mm) 

Peak  Energy 
(keV) 

Density 

(A/cm^) 

I 

18 

10 

3 

100 

2.2 

II 

12 

10 

3 

140 

2.1 

III 

12 

10 

5 

— 

3.4 

IV 

12 

10 

7 

— 

3.6 

V 

12 

7 

15 

— 

00 

• 

SECTION  4 

TEST  RESULTS 


4.1  CALIBRATION  MEASUREMENTS 

Broadband  microwave  radiation  was  measured  with  no  ambient  plasma.  The 
results  were  reproducible  within  the  experimental  error.  The  amplitude  of  the 
microwave  power  varied  directly  with  external  attenuator  settings,  verifying 
that  microwave  radiation  was  Indeed  being  measured.  Furthermore,  placement  of 
anecholc  material  between  the  source  region  and  antenna  eliminated  the  signal 
for  that  band.  Covering  the  chamber  with  a  layer  of  aluminum  foil  substantially 
reduced  the  microwave  radiation. 

As  the  current  density  Increased,  so  did  the  microwave  radiation  emission. 
A  summary  of  the  microwave  signals  In  the  absence  of  plasma  Is  given  In  Table 
4.  The  microwave  average  power  at  the  source  was  derived  from  converting  the 
crystal  detector  voltage  signal  to  power  at  the  detector,  using  the  Individual 
crystal  calibrations,  correcting  for  external  attenuation,  compensating  for 
loss  In  the  signal  line,  and  then  using  a  form  factor  relating  the  effective 
area  of  the  antenna  to  the  source  area  at  the  receiver.  The  various  parameters 
used  are  shown  In  Table  5. 

4.2  PLASMA  MEASUREMENTS 

During  the  final  4-7  September  period  of  testing  a  limited  number  of  micro- 
wave  measurements  with  the  ambient  plasma  were  performed  (31  shots  and  132 
scope  traces  were  made  with  the  plasma),  introduction  of  the  plasma  Increased 
the  complexity  of  the  experiment  and  generally  each  shot  was  a  unique  event. 
As  such,  these  preliminary  measurements  are  little  more  than  anecdotal.  Never¬ 
theless,  when  combined  with  theoretical  work  and  other  experimental  results, 
they  lead  to  some  provocative  speculation.  The  upcoming  series  of  experiments 
will  allow  statements  that  are  more  definitive. 
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Table  4.  Microwave  power  measurements,  no  plasma. 


Band 

Power  (average  over  pulse  width) 

(kW/GHz  ±  50%  rms) 

I 

II 

III 

IV 

V 

L 

300 

80 

40 

31 

41 

V 

960 

2,500 

670 

840 

760 

S 

2,700 

2,400 

720 

1,200 

1,000 

C 

28 

35 

1,900 

3,500 

3,200 

J 

7 

9 

6 

16 

40 

X 

2 

2 

22 

15 

15 

Ku 

0.7 

0.9 

5 

9 

3 

L-Ku 

280 

330 

320 

550 

490 

Total 

(kV) 

4,700 

5,600 

5,400 

9,300 

8,300 

T  (ns) 

32 

33 

38 

26 

33 

EEner^ 

(J) 

0.15 

0.18 

0.21  0.24 

0.27 

Table  5.  Microwave 

receiver 

parameters. 

Band 

Antenna 

Line  Loss 
(dB) 

Gain 

(dB) 

Area 

(cm2) 

Source 

Distance 

(cm) 

Form 

Factor 

L 

1.5 

15.5 

1,405 

211 

398 

V 

1.5 

15.5 

602 

110 

253 

s 

1.5 

16.6 

328 

89 

303 

c 

1.7 

16.5 

146 

102 

895 

J 

1.9 

22 

243 

81 

339 

X 

2.2 

22 

117 

79 

670 

Ku 

2.6 

24 

84 

91 

1,240 

For  low  beam-plasma  density  ratio  (less  than  0.1),  the  plasma  has  suffi¬ 
cient  conductivity  to  short  out  the  beam  current.  The  beam  is  observed  to 
transport  across  the  chamber,  inducing  small  fields  and  negligible  microwave 
emission.  This  is  consistent  with  the  theoretical  understanding  of  the  system. 

For  a  stronger  beam,  the  measurement  of  the  microwave  radiation  revealed  a 

marked  difference.  As  the  beam-plasma  ratio  approached  unity,  broadband  micro- 

wave  radiation  was  observed.  Figure  2  shows  a  plot  of  the  energy  emitted  versus 

2 

frequency  for  our  system.  This  is  for  a  very  intense  beam  (~10  A/cm  )  and 
most  of  the  energy  is  in  the  C-band  (4-6  GHz).  This  emission  peak  is  far  above 
the  ambient  plasma  frequency,  which  is  at  most  about  1  GHz. 

This  measured  microwave  emission  occurs  during  the  entire  beam  pulse  dura¬ 
tion.  The  lowest  frequency  peaks  first  and  then  the  higher  bands  peak  sequen¬ 
tially  in  frequency.  Figure  3  shows  this  result  quite  clearly.  This  is  a  plot 

of  the  channel  frequency  versus  time  of  peak  power  for  a  low  plasma  density 
9  3 

(10  electrons/cm  ).  The  L-band  emission  comes  on  simultaneously  with  the 
beam.  The  Ku-band  is  excited  just  before  the  end  of  the  beam  pulse.  The  chirp¬ 
ing  proceeds  exponentially  in  time.  It  is  far  too  fast  for  any  avalanche  pro¬ 
cess  at  an  air  density  of  0.1  micron.  The  chirping  has  been  observed  on  other 
experiments  at  Physics  International  and  University  of  California- -Irvine,  and 
is  believed  to  be  related  to  the  diode  voltage  and,  thus,  the  distribution  of 
emitted  electrons. 

The  scope  traces  themselves  also  provide  evidence  as  to  the  nature  of  the 
production  mechanisms  involved.  Our  microwave  measurements  with  the  ambient 
plasma  are  often  double-humped.  The  bimodal  response  was  checked  by  changing 
the  equipment  and  analyzing  the  time  difference.  It  indicates  that  there  are 
probably  two  different  mechanisms  producing  the  microwaves.  The  possibility  is 
much  more  probable  based  on  the  results  shown  in  Figure  4.  The  right-hand 
trace  has  the  pickup  antenna  rotated  90°  to  pick  up  fields  in  the  azimuthal 
(instead  of  axial)  direction.  All  other  conditions  remained  the  same.  A  dra¬ 
matic  difference  in  the  relative  size  of  the  two  pulses  is  observed.  Both 
pulses  are  somewhat  polarized  since  both  their  magnitudes  are  reduced.  The 
first  pulse  is  only  modestly  polarized  since  its  magnitude  is  only  reduced  by 
about  30  percent.  The  second  pulse  is  strongly  polarized;  its  magnitude  is 
reduced  by  more  than  90  percent. 
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Figure  2.  Microwave  energy  spectrum 
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Figure  4.  Polarization  of  microwave  pulses. 

The  behavior  of  the  two  pulses  is  further  analyzed  in  the  series  of  scope 
traces  shown  in  Figure  5.  The  effect  of  changing  the  plasma  density  on  the 
relative  magnitude  of  the  two  pulses  is  shown.  As  in  Figure  4,  these  are  data 
from  the  S-band  horn.  Again,  the  attenuators  and  all  experimental  details  ex¬ 
cept  for  the  plasma  discharge  current  are  kept  constant  from  shot  to  shot. 
When  there  is  a  tenuous  plasma,  the  first  peak  is  definitely  dominant.  As  the 
plasma  density  is  increased,  the  relative  amplitude  of  the  second  pulse  grows. 
It  becomes  larger  than  the  first.  With  sufficient  plasma,  the  emission  in  the 
second  pulse  is  also  quenched.  The  relative  magnitude  of  the  pulses  is  summa¬ 
rized  in  Figure  6. 

We  believe  the  first  microwave  pulse  is  related  to  transient  fields  and 
reflexlng  phenomena  in  the  surface  of  the  beam-electron  distribution.  The 
second  pulse  is  related  to  plasma  emission  phenomena  in  the  volume  of  the  beam. 


Another  quality  of  the  scope  traces  that  is  very  distinct  is  their  rough¬ 
ness.  In  Figure  7,  a  couple  of  scope  traces  with  and  without  the  20-MHz  filter 
are  shown.  The  general  trend  of  the  signals  (i.e.,  with  the  filter)  are  repeat- 
able,  while  the  finer  detail  is  not.  These  preliminary  experiments  have  focused 
on  the  average  trend  and  generally  the  20-MHz  scope  filter  was  applied.  The 
unflltered  signals  have  structure  that  approaches  the  limit  of  the  oscillo¬ 
scopes  and  crystal  detectors  so  the  ultimate  raggedness  of  the  emission  may 
not  be  revealed.  The  frequencies  being  measured  are  only  a  few  gigahertz, 
which  means  that  the  structure  we  are  observing  may  be  intrinsically  related 
to  the  fundamental  process  producing  the  BM  radiation. 
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Figure  5.  s-band  oscilloscope  traces  for  various  plasma  densities 
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SECTION  5 


RECOMMENDATIONS 


This  initial  test  series  has  revealed  several  areas  where  Improvements  are 
indicated  to  achieve  the  program  objectives.  The  areas  affected  include  plan¬ 
ning,  diagnostics,  sources,  facility  operation,  and  data  acquis it ion/ reduct ion. 

Now  that  the  basic  techniques  for  microwave  measurements  are  understood 
and  the  operation  of  the  simulator  has  been  observed,  better  planning  can  be 
accomplished.  The  understanding  will  be  that  the  MBS  will  operate  as  designed 
and  the  limitations  of  the  plasma  generator(s)  will  be  known. 

The  electron  beam  and  plasma  diagnostics  require  improvement  and/or  addi¬ 
tions.  The  present  current  collector  needs  to  be  replaced  with  a  segmented 
collector  to  provide  uniformity  information  without  taking  numerous  shots.  An 
electron  spectrometer,  available  from  Chomerics  at  no  charge,  would  provide 
valuable  information.  However,  hardware  changes  would  be  required  and  some 
time  would  be  involved  in  the  data  collection.  The  magnetic  field  probes  fab¬ 
ricated  for  the  initial  test  series  need  to  have  shielded  signal  lines;  other¬ 
wise  they  work  fine.  A  better  design  is  needed  for  the  Langmuir  probe,  allowing 
greater  freedom  of  movement  without  disturbing  the  vacuum  integrity  of  the 
test  volume,  and  the  ability  to  retract  the  probe  during  a  shot.  It  may  prove 
beneficial  to  use  a  microwave  interferometer. 

12 

A  pulsed  plasma  source  is  needed  to  produce  densities  greater  than  10 

3 

electrons/cm  .  The  titanium  hydride  generator  used  by  Kato  would  serve  the 

purpose;  multiple  sources  would  be  required  to  produce  a  homogeneous  plasma. 

Note  that  a  microwave  interferometer  is  required  for  this  type  of  generator. 

12  3 

An  alternative  steady-state  source  that  may  approach  10  electrons/cm  is 
the  lanthanum  hexaboride  paste  filament  system. 

Several  improvements  to  the  electron  generator  are  required.  The  generator 

has  potential  to  produce  several  hundred  kiloamperes  short  circuit,  operating 

2 

with  a  diode  load,  space  charge  limits  densities  to  about  60  A/cm  ,  or  44  kA 
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peak,  for  a  30-cm  diameter  beam.  Higher  densities  may  be  realized  for  smaller 
beam  diameters.  During  our  experiments  the  maximum  current  observed  was  only 
10  kA  without  space-charge  neutralization.  Secondly,  although  the  use  of  graph¬ 
ite  felt  for  a  cathode  was  convenient.  It  precluded  using  small  diode  gaps  and 
tended  to  explode  easily,  requiring  machine  downtime  to  change.  The  anode  Is 
too  large,  making  It  a  time-consuming  process  to  change.  Better  control  over 
the  gap  spacing,  l.e.,  diode  planarity.  Is  needed.  Reliable  machine  diagnostic 
monitors  are  necessary.  The  anode  needs  to  be  moved  closer  to  the  test  chamber 
ent  ranee . 

The  acquisition  and  reduction  of  the  vast  quantity  of  data  needs  to  be 
automated.  There  Is  a  computer  system  at  Physics  International  that  we  need  to 
use,  provided  It  can  turn  around  fast.  We  need  to  see  our  data  within  minutes. 
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